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SUMMARY 
. The vapor pressure of magnesium was determined using a modification 
of Langmuir's weight-loss method. The vapor pressure of magnesium, Ptorr, 
i n  the range investigated,  could be expressed by the  equation 
log Ptorr  = 8.6047 - 7560.3/T f o r  temperatures between 496' and 658O K. 
enthalpy change f o r  t he  reaction Mg ( s o l i d )  + Mg (gas) a t  298.15O K w a s  found 
t o  be 35.3 -1: 0.4  kcal/mole. 
i n  inhibi t ing the  f r e e  sublimation of magnesium w a s  found t o  be especially 
important i n  t h i s  range. 
The 
The e f f ec t  of surface impurities, mainly oxide, 
INTRODUCTION 
Several invest igators  have determined the  vapor pressure of so l id  
magnesium with f a i r  consistency ( r e f s .  1 - 3 ) .  The Knudsen effusion method and 
the  pa r t i cu la r  experimental design they used l imited the  range of useful  data  
t o  353' t o  500° C ,  corresponding t o  the vapor pressure range from 4X10-4 t o  
t o r r .  The purpose of t h i s  report  i s  t o  show t h a t  techniques u t i l i z i n g  
Langmuir's method ( r e f .  4 )  of evaporation from a f r e e  surface yield re l iab le  
da ta  down t o  223' C ( o r  2 X m 7  t o r r ) .  
EXPERIMENTAL PROCEDURE 
Basically, the experimental procedure consisted of monitoring the  r a t e -  
of-weight change, as  a function of sample temperature, of a magnesium speci- 
men suspended in  a high vacuum by an Ainsworth semimicro vacuum recording 
balance. The heat source w a s  a collimated l i gh t  beam f rom an ex ter ior  lamp. 
The 1-inch-square magnesium samples were cut from l/ l6-inch-thick sheet 
stock which had a typ ica l  spectroscopic impurity analysis (furnished by the  
suppl ier)  as follows ( i n  percent):  A1 < 0.005; C a  < 0.01; Cu < 0.001; 
Fe < 0.0003; Mn < 0.001; N i  0.0004; Pb < 0.003; S i  < 0.001; Sn < 0.01; 
Zn 0.006. 
under argon f o r  8 hours at 450' C, then f inished with N o .  000 emery paper and 
dipped i n  6-molar hydrochloric acid f o r  a few seconds. 
produced a br ight ,  s l i gh t ly  etched surface.  
After degreasing and rough f in i sh ing ,  the  samples were annealed 
This treatment 
The prepared sample w a s  suspended approximately 2 f e e t  below the  balance 
The automatic recording balance (which could handle a t o t a l  weight 
pan by a 0.010-inch tungsten.wire with i t s  face normal t o  the  l i gh t  beam 
( f i g  . 1) . 
I 
change of 400 mg) ,  with t h e  recording system used, provided r e l i ab le  data  f o r  
r a t e s  as low as 1 pg/min. 
lamp with a parabolic r e f l ec to r  and aspheric collimating lens .  The beam, and 
thus the  heat input t o  the  sample, could be regulated closely by changing the  
distance from the  lamp t o  the  sample, the  power t o  t he  lamp, or the  focus. 
The collimating system produced a uniform beam over a 3-inch diameter, as 
measured with an Eppley thermopile; t he  beam could generate sample tempera- 
t u re s  i n  excess of 500' C i n  t he  vacuum chamber. 
o i l  dif fusion pump, consisted of a 4-inch i . d .  s t a in l e s s - s t ee l  cross with a 
4-inch-diameter pyrex port  on one horizontal  l eg .  
( f o r  l iqu id  N2) wrapped around the  cross minimized back re f lec t ion  of magne- 
sium vapors t o  the  sample. The pyrex window w a s  cleaned only when magnesium 
condensation seriously affected sample heating, since a clean window was a 
poor nucleating surface and could cause s igni f icant  re f lec t ion  of magnesium 
back t o  the  sample. The vacuum during a run w a s  maintained at 2x10-7 t o r r  or 
lower. The temperature w a s  monitored with a cal ibrated iron-constantan the r -  
mocouple made of 0 .OOl-inch enameled i ron and 0.0008-inch constantan wires, 
spot-welded t o  the  sample. An insignif icant  e r ro r  i n  weighing w a s  introduced 
by t h i s  wire. The temperature uniformity over t he  specimens w a s  within lo C 
as found by using the  apparatus described above but with thermocouples fixed 
t o  the  f ron t ,  back, and in t e r io r  of a ca l ibra t ing  sample. A run a l so  was per-  
formed i n  an 18-inch-diameter vacuum chamber, with room temperature w a l l s ,  
u t i l i z i n g  an ion-gettering pumping system, and the  temperature and weight 
monitoring systems described above, which ver i f ied  t h a t  o i l  contamination was 
not influencing the  re  s u l t  s . 
The sample heater  w a s  a 1600 watt mercury-xenon 
The chamber, atop a &-inch 
Cryogenic cooling c o i l s  
Before an experiment, t he  system w a s  evacuated t o  l e s s  than 2X10-7 t o r r  
and the  cold walls were charged with l iqu id  N 2 .  Then the  magnesium sample was 
heated t o  about 430' C ,  which served t o  remove surface impurities hindering 
sublimation. After clean-up, the  samples were t e s t ed  a t  various temperatures 
between 223O and 385O C f o r  periods suf f ic ien t  t o  es tab l i sh  m a s s  loss r a t e s .  
RESULTS AND DISCUSSION 
Sublimation r a t e s  were converted t o  vapor 
e quat ion, 
1/ 2 
P = (-&) 27t RT 
a 
where 
M 
P vapor pressure dyn/cm2 
R gas constant, 8.3U<1O7 dyn cm/mole K 
w m a s s  loss, g/cmZ-sec 
a sublimation coef f ic ien t ,  equal t o  1 f o r  a 
molecular weight, 24.312 g/mole, assuming 
0 
pressures by the  Langmuir 
a monatomic vapor 
perfect ly  clean, pure, smooth 
surface; assumed t o  equal 1 f o r  the  present experimental conditions 
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The experimental r e s u l t s  f o r  the  vapor pressure of magnesium are  
presented i n  f igure  2, along with data  from e a r l i e r  investigations ( r e f s .  1-3). 
The l i n e s  on the  p lo t  represent the  extent of and best  f i t  f o r  these e a r l i e r  
da t a .  The present data  represents r e su l t s  obtained from four specimens i n  the  
manner described above, with sample 4 being run i n  t h e  ion-pumped vacuum 
chamber. 
The f i n a l  treatment of the  data  i s  shown i n  t ab le  I .  A least-squares 
b and m, coeff ic ients  of the  vapor 
The subscript t o r r  denotes t h a t  
analysis  of the  data produced values f o r  
pressure equation, log P tor r  = b + ( m / T ) .  
pressure i s  i n  t o r r .  The values of b and m which best  f i t  the  da t a  between 
496O and 658O K were -1-8.6047 and -7560.3, respectively.  
The enthalpy change f o r  the reaction M g  ( s o l i d )  4 M g  (gas)  at 298.15' K, 
&I: (298.15), w a s  calculated from each experimental point by the  t h i r d  l a w  
method ( r e f .  5 ) .  Values f o r  the  f r ee  energy functions were taken f rom the  
recent compilation by McBri.de e t  a l .  ( r e f .  6 ) .  
(298.15) , 35.3 +.O .4 kcal/mole, corresponds closely t o  35.3 ( r e f .  1) , 34.5 
( r e f .  2) , and 34.99 +. 0.7 ( r e f .  3 ) ( a l l  i n  kcal/mole) , derived from data  
obtained a t  higher temperatures by other workers using var ian ts  of the  Knudsen 
effusion method. 
The resul tant  value f o r  ME 
Several experiments (not shown) yielded unexpectedly low r a t e s  of 
sublimation. In a l l  these cases v i sua l  examination of the  surface showed 
marked roughening, indicat ive of uneven sublimation. The cause of t h i s  
unevenness w a s  not de f in i t e ly  determined, but it i s  assumed t o  have been due 
t o  imperfect cleaning of the  t e s t  surface, with perhaps some res idua l  layer  of 
oxide occurring i n  the  areas which did not vaporize. Upon examination of one 
specimen, which gave such low r e su l t s ,  loss w a s  found t o  have occurred only 
from the  edges and places of attachment of the  thermocouple and support. 
attempt w a s  made t o  estimate e f fec t ive  surface area f o r  these samples and, as 
s ta ted ,  the  t e s t  r e s u l t s  were rejected.  The geometrical area was always taken 
a s  the t rue  area and no correction made f o r  any surface roughening which may 
have occurred due t o  sublimation. A s  shown in  f igure 2,  each individual r u n  
has good in te rna l  consistency: the  s l i gh t  variance between runs w a s  probably 
due, primarily,  t o  the  f a c t  t h a t  t he  assumed area differed s l igh t ly  from the 
t r u e  surface a rea .  All runs, including those rejected,  produced nearly iden- 
t i c a l  slopes (ac t iva t ion  energies) on p l o t s  l i ke  f igure 2, which indicate 
t h a t  a constant f r ac t ion  of the  surface w a s  causing nearly a l l  the  weight 
loss. 
No 
It w a s  necessary t o  evaporate several  mg/cm2 f rom the  magnesium sample 
before reasonably t rue  sublimation rates were obtained. Since the  i n i t i a l  
oxide f i l m  has an a r e a l  density of l e s s  than 1 pg/cm2 ( r e f .  7) , it seems 
reasonable t h a t  the  r e l a t ive ly  large m a s s  of magnesium leaving the  surface 
could carry away the  oxide or cause it t o  break in to  f i n e  pa r t i c l e s  and f a l l  
away. Although the  r e su l t s  obtained i n  the  ion-pumped chamber (sample 4)  did 
not d i f f e r  f r o m  t he  other runs performed i n  the  o i l  diffusion-pumped system, 
it w a s  noted t h a t  i n  the  former, l e s s  i n i t i a l  evaporation w a s  required before 
sa t i s fac tory  sublimation r a t e s  were found. 
lower working pressure and a difference i n  gaseous species present.  
This i s  probably due t o  a somewhat 
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A study by Addiss into the  oxidation of s ingle  c rys t a l s  of magnesium at  
low pressures indicates  t he  ro l e  of oxide i n  hindering the  sublimation of mag- 
nesium ( r e f .  7 ) .  He w a s  able t o  measure net  weight gains,  due t o  oxidation, 
at temperatures where m a s s  loss from sublimation should have occurred. 
work a t  b o o  and 440' C w a s  probably j u s t  below the  point at which magnesium 
oxide may be displaced by the  subliming magnesium. 
rated films given by him at  oxygen pressures of 
interference with sublimation r a t e s  would possibly occur at our lower tempera- 
t u re s .  Although the  p a r t i a l  pressure of o q g e n  i n  our system w a s  about one- 
ten th  the  measured t o t a l  pressure,  zero or  pos i t ive  weight changes were 
sometimes noted below 250° C .  An induction period of several  minutes noted by 
Addiss f o r  the  oxidation of magnesium at  10-6 t o  t o r r  of oxygen coupled 
with our lower oxygen p a r t i a l  pressures most l i k e l y  accounts f o r  the  f a c t  t h a t  
good r e s u l t s  were obtained by US a t  these lower temperatures i n  several  runs. 
H i s  
Oxidation r a t e s  of evapo- 
t o r r  indicate  t h a t  
The Langmuir method i s  capable of s e n s i t i v i t y  several  magnitudes grea te r  
than .Knudsen's effusion method. However, since ce r t a in  f ac to r s  affect ing the  
sublimation coef f ic ien t ,  a, are  usual ly  more troublesome i n  Langmuir's method 
than Knudsenls, the  l a t t e r  method is  generally employed with i t s  sens i t i v i ty  
being extended through use of radio t r a c e r s .  No  sui table  isotope e x i s t s  f o r  
magnesium; theref ore,  Langmuir ' s method i s  probably the  be st  available f o r  
determining low vapor pressures .  
SUMMARY OF RESULTS 
The r e su l t  ( log Ptorr  = 8.6047 - 7560.3/T, f o r  T between 496' and 
658O K) obtained f o r  t he  vapor pressure of magnesium, u t i l i z i n g  Langmuir's 
weight-loss method, was found t o  agree well  with t h a t  predicted from resu l t s  
found using Knudsen's method at higher temperatures. The heat of sublimation, 
AH: (298.15) = 35.3 4 0.4 kcal/mole, determined by the  t h i r d  law method, corre- 
sponded closely t o  values derived from the  high temperature data .  
t he  samples t o  430' C immediately p r io r  t o  t e s t i n g  i n  the  t e s t  environment 
e f fec t ive ly  eliminated the hindrance t o  f ree  sublimation caused by surface 
impur it i e  s . 
Heating of 
Ames Research Center 
National Aeronautics and Space Administration 
Moffett Field,  C a l i f  ., Dee. 17, 1964 
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TABIB I. - COEFFICIENTS OF THE VAPOR PRESSURE EQUATION AND HEAT 
OF SUBLIM-TION OF MAGNESIUM 
Sample 
1 
2 
3 
4 
me an 
- - ._ ._ 
Temperature r L g T  1 &I:( 298.15) , a  
kc al/mo le 
- - _ _  
OK 
-
529 - 635 8.4514 -7403.8 35.05 k 0.17 
502 - 658 8.6322 -7660.4 35.73 k 0.13 
496 - 623 9.3774 -7906.1 34.95 5 0.50 
504 - 576 7.9579 -7271.0 33-61 -4 0.10 
8.6047 -7560.3 35-33 -4 0.4 
_ _  - 
6 
ERMOCOUPLE 
COOLING COILS 
LIGHT BEAM U 
TO 
VACUUM 
PUMP 
Figure 1.- Schematic drawing of vacuum balance and test chamber 
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